The potential of pineapple peel as a source of cellulose nanocrystals was evaluated. Peels skin from fresh-cut fruit was used as raw material. These residues were purified to remove pigments, lipids and hemicellulose, and a bleaching process for delignification was carried out for 4-6 h. All resulting products were characterised for their lignin, hemicellulose, cellulose and ash contents using standard techniques. Dry matter at the end was low (ca. 50%) compared with the raw material (ca. 90%). The process applied resulted in ca. 20% (m/m) of purified cellulose (ca. 80% purity), with ineligible levels of lignin and hemicellulose present, especially when using 6h of bleaching. The purified cellulose was subject to acid hydrolysis for nanocrystal extraction with two testing times, 30 and 60 minutes. These cellulose nanocrystals had small sizes (< 1000 nm), with high variability and negative zeta potential values. The time of extraction did not affect the nanocrystals' chemical and physical properties. The use of 6 h of bleaching treatment during purification was shown to be more effective than 4 h. Pineapple peel was demonstrated to be a good source of cellulose for the production of cellulose nanocrystals.
Introduction
In the last decade, there is a great deal of research focusing on the use of cellulosic-rich wastes. Cellulose fibre is the most abundant renewable material, constitutes the major component of plant fibres, and is a natural hydrophilic polymer. Plant/vegetable fibres consist of cellulose, hemicellulose and lignin. Hemicellulose is a branched multiple polysaccharide polymer, composed of different types of sugars including glucose, xylose, galactose, arabinose and mannose. Lignin is a highly cross-linked phenolic polymer. Both hemicellulose and lignin are amorphous polymers, whereas cellulose is a semi-crystalline polymer. There are two types of linkages between hemicellulose groups and lignin. One is an esterCopyright ©2018 ISEKI-Food Association (IFA) 10.7455/ijfs/7.1.2018.a3 type bond between the hydroxyl of lignin and the carboxyl of uronic acid in hemicellulose. This linkage is sensitive to alkali solutions. Hence, starting from raw fibres, an alkali treatment can be applied to hydrolyse and remove the hemicellulose, soluble mineral salts and other components (Deepa et al., 2011) . The second linkage is of an ether-type, and is formed between the hydroxyls of lignin and those of carbohydrates.
Other linkage types are insensitive to alkali solutions, but an acid hydrolysis can be applied to disrupt these amorphous domains. This treatment releases individual rod-like rigid nanocrystals, named cellulose nanocrystals (CNCs) (Aspler et al., 2013) , and introduces negative charges to their surface due to the formation of sulphate ester groups. Cellulose nanocrystals possess high mechanical strength, high surface area and aspect ratio, non-toxicity, biocompatibility and biodegradability, making them an excellent candidate for pharmaceutical applications (Lin & Dufresne, 2014) . Because of their properties, CNCs could be used for numerous applications, such as the preparation of composite materials, regenerative medicine and drug delivery (Qiu & Hu, 2013) . The majority of the studies of extraction of CNCs from food industry wastes and natural sources are very recent, owing to the interest generated in such systems. Studies were made on the extraction from wood, sisal, coconut husks, agave fibres, bananas, rice husks, soy hulls, mango seeds, sweet potato residue, garlic skins, pineapple leaves, mengkuang and capim mombaça (Cherian et al., 2010; Deepa et al., 2011; Flauzino Neto, Silverio, Dantas, & Pasquini, 2013; Henrique, Silvério, Neto, & Pasquini, 2013; Johar, Ahmad, & Dufresne, 2012; Prozil, Evtuguin, Silva, & Lopes, 2014) . However, pineapple processing residues have not been explored until now, and this fruit is one of the most important commercial fruits of the world. It is a typical tropical fruit, with a total global annual production between 16 and 19 million tonnes. Generally, pineapple is consumed as fresh fruit, or is processed into salads, fruit cocktail and jam/conserves, or canned. During pineapple fruit processing, the wastes (peel and stems mainly), ca. 50% (w/w) of total pineapple weight, are removed and discarded. In fact, pineapple peel consists of cellulose, hemicellulose, lignin and pectin, and represents the largest portion of pineapple wastes (30-42%, w/w) (Hu, Wang, & Huang, 2013) . The composition is ca. 42 % fibre, ca. 9% protein and 1.5% lipids. Hence, the aim of this study was to evaluate the potential of using pineapple peel residues as a source of CNCs, and to characterise them in terms of physical properties.
Materials and Methods

Purification of pineapple residues
Pineapple residues were provided from a freshcut fruit processing company. The peel was immediately frozen after processing procedures IJFS April 2018 Volume 7 pages 24-33 (Fig. 1a) , while still at the company production line. Initially, the pineapple peels (PP) were dried and milled (Fig. 1b) . They were treated with a 2% (w/w) NaOH solution for 4 h at 100°C under mechanical stirring, and then washed several times with deionised water until the alkali was completely removed, and finally dried at 50°C for 12 h in an air-circulating oven (Fig.  1c) . After this treatment, the resulting fibres were bleached with a solution made up of equal parts (v:v) of acetate buffer (27 g NaOH and 75 mL glacial acetic acid, diluted to 1 L with distilled water) and aqueous sodium chlorite (1.7 wt% NaClO 2 in water). This bleaching treatment was performed at 80°C for 4 h or 6 h ( Fig.  1d & e) . The bleached fibres were washed repeatedly in distilled water, until their pH became neutral, and subsequently dried at 50°C for 12 h in an air-circulating oven. The material which resulted after this purification was the treated pineapple peel (TPP), and this was subsequently bleached for 4 h (TPP4) and 6 h (TPP6).
Extraction of cellulose nanocrystals (CNCs)
After the chemical treatment described previously, TPP4 and TTP6 dried material was milled with a blender, and the nanocrystals extracted by acid hydrolysis. The hydrolysis was performed at 50°C, for either 30 min or 60 min, under vigorous and constant stirring. For each gram of TPP, 20 mL of a solution of H 2 SO 4 64% (w/w) was used. Immediately following the hydrolysis, the suspension was diluted 10-fold with cold water to stop the hydrolysis reaction, and centrifuged twice for 10 min at 7000 rpm to remove the excess acid. The precipitate was then dialysed with tap water to remove non-reactive sulphate groups, salts and soluble sugars, until a neutral pH was achieved (5-7 days). Subsequently, the resulting suspension of the dialysis process was sonicated for 5 min at 70% intensity in a VCX 130 ultrasonicator (Sonics & Materials, Newtown, USA), with sample tubes immersed in an ice bath to prevent heating. The colloidal suspension was stored in a refrigerator at 4°C, with the addition of some drops of chloroform to avoid any bacterial growth until the freeze-drying pro- Figure 1 : Images of fresh pineapple peel residues (a), dried and milled pineapple peel PP (b), after alkali drying and milling treatments (c), TPP4 (after 4h bleaching), drying and milling treatments (d), TPP6 (after 6h bleaching), drying and milling treatments (e), CNC30 colloidal and dialysed suspension after 30 min acid hydrolysis (f), and lyophilised CNC30 (g).
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cess. The freeze-drying process was performed using a Vacuum Freeze Drier (Model FT33, Armfield, UK), under a vacuum pressure of 100 millitorr; the temperature in the freezing chamber was -46°C, and the temperature in the sample chamber was 15°C. The cellulose nanocrystals were labelled as CNC30 or CNC60, depending on the time of extraction by hydrolysis (30 and 60 minutes, respectively).
Product chemical characterisation
The chemical composition of the dried PP and TPP was measured as follows. The lignin content was determined according to the standard method of the Technical Association of Pulp and Paper Industry TAPPI T222 om-88. The holocellulose (α-cellulose + hemicellulose) content was estimated by the acid chlorite method (Browning, 1967) . The α-cellulose content was determined by treating the holocellulose with a potassium hydroxide solution (Browning, 1967) . The hemicellulose % was determined by subtracting the α-cellulose content from the holocellulose. An average of three replicates was calculated for each sample.
Fourier transform infrared spectroscopy (FTIR)
An IRPrestige-21 infrared spectrophotometer (Shimadzu, Japan) was used to obtain spectra for PP, TPP and CNC30. The KBr disk (ultrathin pellets) method was used to measure the IR spectra. Samples were ground and mixed with KBr (sample/KBr ratio = 1/100) to prepare discs. The experiments were carried out using the wavenumber range of 500-4000 cm −1 , with a resolution of 4 cm −1 and a total of 32 scans for each sample.
Particle size and charge measurements by dynamic light scattering (DLS)
Particle size (PS), polidispersity index (PI) and zeta potential (ZP) were measured using dynamic light scattering (DLS) with a ZetaSizer NanoZSP (Malvern, UK). Particle sizes were measured by taking into account the first order result from a DLS experiment as an intensity distribution of PS. The intensity distribution was weighted according to the scattering intensity of each particle fraction or family. Data was validated only if the cumulants fit error was <0.005. Zeta potential was measured using Laser Doppler Anemometry (LDA). All analyses were carried out with an angle of 90°at 25°C.
X-ray diffraction (XRD)
X-ray diffraction (XRD) was carried out using a Rigaku Geigerflex D/max Series diffractometer with Cu Kα radiation, between 20-70°, with a 2θ step size of 0.02°and a time of 10 s per step. The crystallite size was estimated from the FWHM (full width at half maximum) value of the 100 % cellulose peak at 22.3°, using the Scherrer equation:
where D = average size of the crystallites, K = Scherrer constant (0.94 for spherical crystals), λ= wavelength of radiation (1.54056Å ), h 1/2 = FWHM, and θ = Bragg angle (the peak position = 2θ).
Scanning Electron Microscopy (SEM)
Morphology of PP, TPP and CNC was evaluated by Scanning Electron Microscopy (SEM) using a JEOL-5600 Lv microscope (Tokyo, Japan). Briefly, a small amount of freeze-dried sample was placed on a metallic stub with carbon tape and coated with gold/palladium using a Sputter Coater (Polaron, Bad Schwalbach, Germany). SEM was operated at the high vacuum mode, with a potential of 15-20 kV. All analyses were performed at room temperature (20°C).
3 Results and Discussion 3.1 Extraction process and physical properties of CNC Pineapple peel was obtained from a local freshcut fruit production company which is dedicated to the processing of ready-to-eat fruit, such as melon, mango and pineapple. The dried and milled pineapple peel (PP) contains several components (Fig. 1b) , such as pigments, proteins and lipids. In Table 1 , the chemical composition of each product generated is depicted. In terms of dry matter, a decrease of ca. 90% to 50% occurred after the bleaching process. This is a consequence of the occurrence of the lost of cellulose during the process, since no increase on cellulose content occurs after bleaching treatment. These results can be related to the breakdown of cellulose chains during bleaching and the loss of material during the filtering processes and mass transfer. Lignin is the major component of the PP at ca. 29%, followed by cellulose (ca. 17%) and hemicellulose (ca. 16%) ( Table 1) . These values accord with those found by a few other authors that characterized pineapple peel (Raji, Jibril, Misau, & Danjuma, 2012; Thirawan, Karnnasuta, & Srinorakutara, 2017 ). In the samples purified by the alkali process, a bleaching was performed during two times, 4 and 6 h (TPP4 and TPP6). With the bleaching process, the delignification of the samples is supposed to occur (Cherian et al., 2010) . For the two times of study, a high decrease in lignin was detected, which proved the efficiency of delignification treatment. The hemicellulose % was determined by subtracting the α-cellulose content from the holocellulose. Hemicelullose % decreased, as is supposed to happen with the first alkaline treatment. Holocellulose present in the bleached samples only contained cellulose and very low hemicelluloses' content, ca. 54% of α-cellulose and increased to more than 80% of cellulose after bleaching (data not shown). When calculating the % of cellulose in the initial samples' masses, the values were shown to be maintained or slightly increased (Table 1) . Nevertheless, the TPP products were used to extract the cellulose nanocrystals. At the end of hydrolysis, samples were dialyzed, and a gelly and alkaline suspension was obtained as shown in Fig. 1f . The colloidal suspensions of TPP4 and TPP6 were analysed by DLS to determine the CNC particle size in suspension and charge ( Table 2 ). The sizes obtained were high since crystals' length is also measured, not only the width, using a DLS scatter that is dynamic, and agglomeration may occur in solution. Nevertheless, smaller CNCs were obtained for TPP6 than for TPP4. The polydispersity index (PI) indicates the variation in the distribution of the particle size. Aa high polydispersity shows the existence of particle families with different sizes, which may mean the occurrence of aggregation (Hanaor, Michelazzi, Leonelli, & Sorrell, 2012) . In general, all samples showed PI values much higher than 0.3, which indicates a polydisperse distribution of CNCs. On the other hand, zeta potential (ZP) can give us an indication of whether repulsion between adjacent, similarly charged particles in dispersion will occur or not. When ZP is high (whether they are positive or negative values) means stability between the particles, whereas when the potential is low, particles tend to coagulate/flocculate as attraction exceeds repulsion in the dispersion. The ZP values where ca. 30 mV in the CNCs extracted from TPP4, which means a moderate stability. In the case of the CNCs extracted from TPP6, this value decreased but is still moderate. In both cases, the values are negative, which is a result of the acid hydrolysis, in which sulphuric acid removed the amorphous regions in the cellulose fibres, leaving only the highly ordered crystalline regions intact, resulting in negatively charged, sulphonated nanoparticles. Due to the relatively low surface charge, this method required ultrasonication to disperse and stabilize the CNC suspension. The colloidal suspensions with the lowest sizes, i.e. those originating from TPP6, were freezedried and a white and light powder was obtained as shown in Fig. 1g .
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FTIR spectra
The powders of the PP, TPP4, TPP6, and CNCs obtained from TPP6, were analysed by FTIR and compared (Fig. 2) . The presence of peaks 1 and 4 at 3310 and 1640 cm −1 , respectively, in all samples shows that during the purification, cellulose is present and was not removed during the purification and CNC extraction processes (Sheltami, Abdullah, Ahmad, Dufresne, & Kargarzadeh, 2012; Sun, Xu, Sun, Fowler, & Baird, 2005) . Peak 2 at 2900 cm −1 is from the C-H stretching vibration, is also present in all samples as expected, and was observed in other similar samples (Alemdar & Sain, 2008; Sheltami et al., 2012) . Peak 3 at 1700 cm −1 originates from the acetyl and ester groups in hemicellulose, or carboxylic acid groups in the ferulic and p-coumeric components of lignin. The existence of this peak shoulder was also reported in other works with wheat straw, rice husks and soy hulls (Alemdar & Sain, 2008; Flauzino Neto et al., 2013; Sun et al., 2005) . It should disappear with extraction, since hemicellulose is removed from PP with the purification process. Indeed, this peak is more pronounced in PP than TPP4 and TPP6, and disappears in the CNC spectra. Peaks 6 and 7 at 1060 and 897 cm −1 , respectively, correspond to the cellulose C-O stretching and C-H vibrations of cellulose, and appeared in all of the spectra, growing with extraction (Alemdar & Sain, 2008; Sheltami et al., 2012) . Peak 5 at 1205 cm −1 is only present in the CNC spectra, and it is not common to see in other CNCs extracted from lignocellulosic materials. It can be attributed to the S-O vibration, due to the esterification reaction, as reported in soy hulls (Flauzino Neto et al., 2013) (Lu, Gui, Zheng, & Liu, 2013; Lu & Hsieh, 2012) .
X-ray diffraction measurements
The CNCs obtained from the two purification treatments, TPP4 and TPP6, were evaluated regarding their degree of crystallinity. Both intraand intermolecular hydrogen bonding occurs in cellulose via hydroxyl groups, which results in various ordered crystalline arrangements. The x-ray diffractograms obtained (Fig. 3) are typical of cellulose I, the more widespread crystalline form of the 4 existent cellulose polymorphs, with well-defined crystalline peaks around 22°and 35° ( Klemm, Heublein, Fink, & Bohn, 2005) . The major peak, which is related to the crystalline structure of cellulose I, was seen for all samples at 22.3°, with a much smaller peak at 35.0°, and both indicate a poorly crystalline material, made of nanoscale crystals. The background "hump" around 20-30°also indicates the presence of some amorphous material. The peaks are slightly more pronounced in the CNC obtained from TPP6, which again shows the importance of using a higher bleaching time during purification to better remove lignin and hemicellulose. The average cross-sectional dimension of the elementary cellulose crystallites was estimated from their X-ray diffractograms by applying the Scherrer equation, as described in Section 2. The Scherrer equation is unreliable for dimensions lower than 100 nm, as the broadening becomes excessive, but it can still be used to get a very approximate estimate of the average crystallite size. For both samples in Fig. 3 , with a FWHM of ∼5°, the value for the crystallite size was found to be only 1.7 nm.
Morphology
In Fig. 4a and b, the raw fibres have become narrow fibrils, with a reticular structure, after the chemical-purified treatment. This indicates that the purification process and bleaching did not provoke the breaking of the cellulose chains. In Fig. 4b , the release of cellulose microfibers can be clearly seen. Fig. 4c and d show the CNC samples. In Fig 4c, a drop of the colloidal suspension was put on the carbon tape and left to dry at room temperature. After covering with gold, the samples were observed and aggregations of small entities were identified. CNCs which are freeze dried appear as an aggregation of irregular IJFS April 2018 Volume 7 pages 24-33 Figure 4 : Micrographs of pineapple peels residues PP 1000x (a), TPP6 1000x (b), colloidal suspension CNC30 4000x (c) and freezedried CNC30 3000x (d) rod-like assemblies of CNCs. However, individual NPs cannot be distinguished, as they are far too small for the resolution of the SEM method, which has a limit of around 30 nm. This was also seen with CNCs extracted from sweet potatoes residues (Lu et al., 2013) .
Conclusions
The purification process is important in the treatment of wastes for cellulose extraction, since pigments, waxes, hemicellulose and lignin are effectively extracted from the residues, while cellulose is not removed. The best conditions for extraction include a 6 h bleaching process. The time of bleaching was shown to be important for the purification of cellulose, and this was reflected by the composition, the physical properties and FTIR spectra. Indeed, the pineapple peel that was bleached for 6 hours had lower hemicellulose and lignin contents, and the CNCs produced from TPP6 (6 h) were marginally more crystalline than those produced with TPP4 (4 h). In terms of hydrolysis of the extracted cellulose, the time used was not shown to be important, and 30 minutes was shown to be effective in the hydrolysis process. Even with low yields, the cellulose extracted had ca. 80% purity. Pineapple peel was shown to be a suitable cellulose source for the extraction of CNC.
